Background: Parkinson's disease (PD) is characterized by the selective loss of dopaminergic neurons in the midbrain. The pathogenesis of PD is not fully understood but is likely caused by a combination of genetic and environmental factors. Several genes are associated with the onset and progression of familial PD. There is increasing evidence that leucine-rich repeat kinase 2 (LRRK2) plays a significant role in PD pathophysiology. Summary: Many studies have been conducted to elucidate the functions of LRRK2 and identify effective LRRK2 inhibitors for PD treatment. In this review, we discuss the role of LRRK2 in PD and recent progress in the use of LRRK2 inhibitors as therapeutic agents. Key Messages: LRRK2 plays a significant role in the pathophysiology of PD, and pharmacological inhibition of LRRK2 has become one of the most promising potential therapies for PD. Further research is warranted to determine the functions of LRRK2 and expand the applications of LRRK2 inhibitors in PD treatment.
Introduction
First described by James Parkinson in 1817 [1] , Parkinson's disease (PD) is the second most common neurodegenerative disorder after Alzheimer's disease (AD), with an incidence of 1.7% in individuals aged over 65 years [2] . PD is characterized by the selective loss of dopaminergic (DA) neurons in the substantia nigra pars compacta (SNpc) of the midbrain. Although several clinical approaches, including levodopa treatment and deep brain stimulation, are currently used to manage the symptoms of PD, these methods do not slow or stop disease progression. Therefore, elucidation of the mechanisms underlying PD pathogenesis, to predict disease onset and provide scientific guidance for targeted therapy, is essential.
Although the exact mechanisms underlying PD pathogenesis remain unclear, epidemiological studies have demonstrated that PD can aggregate in families [3] and that genetic factors contribute to disease development in approximately 5-10% of patients [4] . Several genes are associated with the onset and development of PD. The autosomal-dominant Ala53Thr mutation in the α-synuclein (SNCA) gene on chromosome 4q22.1 was the first PD mutation identified [5] . Autosomal-dominant mutations in leucine-rich repeat kinase 2 (LRRK2) also play a significant role in PD [6] . Furthermore, 3 genes associated with autosomal-recessive PD -Parkin, PTENinduced putative kinase 1, and protein deglycase DJ-1 -were identified using gene mapping. Compared with autosomal-dominant mutations, autosomal-recessive mutations in PD genes are relatively rare [7] . Many other PD-associated genes are associated with familial PD but their specific roles in PD pathogenesis are unknown [4] .
LRRK2 mutations are a common cause of late-onset autosomal-dominant PD and, to date, 7 mutations have been identified as pathogenic. The kinase and GTPase functions of LRRK2 are involved in PD pathophysiology; therefore, LRRK2 inhibition may represent a promising target for PD treatment. Recently, efforts have been made to identify LRRK2 kinase inhibitors to reduce the neural toxicity of LRRK2. In this review, we discuss the role of LRRK2 in PD pathogenesis and recent progress in the development of LRRK2 inhibitors for PD treatment.
The Structure and Functions of Leucine-Rich Repeat Kinase 2
LRRK2 encodes LRRK2, a large protein (2,527 amino acids, 286 kDa) containing 6 independent domains: an N-terminal armadillo repeat region; an ankyrin repeat (ANK) domain; a leucine-rich repeat (LRR) domain; the Ras-like GTPase (ROC) domain and C-terminal domain of ROC (COR); a tyrosine kinase-like domain; and a C-terminal WD40 domain [8] . These domains of LRRK2 undergo complex interactions in the cell. Whereas the ANK, LRR, and WD40 domains are protein -protein binding domains, the kinase and GTPase domains are catalytically active domains considered to contribute to the pathological and physiological functions of LRRK2 [9] . The GTPase function of LRRK2 is mainly mediated by the ROC domain, a region characteristic of the Ras superfamily of GTPases [10] that acts as a molecular switch to regulate kinases through guanine nucleotide-dependent conformational changes [11] . The kinase domain of LRRK2 has high sequence homology to members of the receptor-interacting protein kinase and mitogen-activated protein kinase (MKKK)/mixed-lineage kinase families. Discovery of the most common PD-associated LRRK2 mutation, G2019S -which is located in the kinase domain and causes a 2-to 3-fold upregulation of kinase activity [12] -generated great interest in the kinase function of LRRK2 and its potential as a therapeutic target for PD [6] . To date, 2 substrates of the LRRK2 kinase domain have been identified. In 2012, Sheng et al. [13] revealed that Ser1292 autophosphorylation occurs in vivo and is enhanced by several LRRK2 mutations but blocked by exposure to a brain-penetrating LRRK2 kinase inhibitor. More recently, a subset of Rab GTPases, including Rab8A, Rab10, Rab12, and Rab7L1, were identified as LRRK2 substrates [14] . Rab8A, which is phosphorylated by LRRK2 in the Rab GTPase switch region, undergoes increased interaction with a pathological species of α-synuclein. However, the exact interplay between LRRK2, Rab GTPases, and α-synuclein remains unclear. More information on the functional substrates of the LRRK2 kinase domain and their downstream signaling pathways is essential to understand the function of LRRK2 and its role in PD.
Generally, GTPase proteins are upstream regulators of kinase proteins and their downstream signaling pathways. Regarding LRRK2, GTP binding is reportedly essential to its protein kinase activity [15] . However, this is not the only regulatory relationship between the GTPase and kinase domains of LRRK2: kinase activation is thought to regulate the GTPase functions of LRRK2. Phosphopeptide analysis and autophosphorylation site mapping have revealed that LRRK2 autophosphorylates in vitro and that several potential phosphorylation sites exist within the GTPase domain [16, 17] . Liu et al. [18] reported that GTP hydrolysis and ROC dimerization increase when the ROC domain of LRRK2 is phosphorylated by the amoeba LRRK2 orthologue ROCO4. These findings suggest that a complex functional link exists between the 2 domains. Autophosphorylation sites in the GTPase domain may yield clues regarding the mechanisms underlying LRRK2 function; thus, further studies are necessary to explore the regulatory mechanisms between the GTPase and kinase domains of LRRK2.
Other domains of LRRK2 also contribute to its function and toxicity. LRRK2 interacts with 14-3-3 proteins through its LRR domain. This interaction is dependent on several phosphorylated serines -Ser935, Ser955, and Ser973 -in the LRR domain of LRRK2 [19] [20] [21] . The 14-3-3 protein family comprises 7 conserved proteins that function in multiple cellular processes and cell survival [22] . Several pathogenic mutations reduce the interaction of LRRK2 with 14-3-3 proteins, indicating the importance of 14-3-3 proteins to LRRK2 function and toxicity [20, 23] . Furthermore, overexpression of 14-3-3 proteins reverses the neurite shortening caused by the DOI: 10.1159/000488938 LRRK2, G2019S, and R1441G mutations in primary neurons from bacterial artificial chromosome transgenic mice [24] , implying that signaling pathways that interact with LRRK2 also represent potential therapeutic targets for LRRK2-related PD.
LRRK2 is widely expressed in human tissues and may have diverse functions. In rodent brains, in-situ hybridization studies have demonstrated that LRRK2 is broadly expressed throughout the brain but shows strong regional differences in expression levels, with highest expression in the striatum, cortex, and hippocampus [25] . Studies on transgenic Drosophila have suggested that LRRK2 functions in synaptic morphogenesis at the neuromuscular junction. LRRK2 mutation led to impaired synaptic structures, such as expanded nerve terminals and more numerous synaptic boutons [26] . Alteration of LRRK2 activity may affect neurotransmission [26, 27] . LRRK2 is also expressed in peripheral tissues such as the kidneys, lungs, and immune tissues, where the expression levels are higher than in the brain. Accordingly, abnormal kidney structure and function are evident in LRRK2 knockout mice [28] . Additionally, LRRK2 is involved in the maturation and inflammatory response of immune cells. LRRK2 inhibition blocks the maturation of monocytes, whereas stimulation with inflammatory factors such as interferon-γ and lipopolysaccharide increases LRRK2 expression in macrophages [29] .
LRRK2 Mutations and Their Mechanisms of Action
To date, several LRRK2 mutations (including p. N1437H, p.R1441C/G/H, p.Y1699C, p.G2019S, and p.I2020T) have been identified as pathogenic [30] . Although the most common LRRK2 mutation, G2019S, accounts for just 2.2-6.6% [31] of all familial PD, it has a high prevalence in North African and Ashkenazi Jews with familial PD (41% [32] and 30% [33] , respectively). The G2019S mutation also has a high prevalence among Ashkenazi Jews with sporadic PD, one-third of whom carry it [34] . This suggests that the G2019S mutation plays a significant role in PD pathogenesis and is a risk factor for sporadic PD. In contrast, the N1437H mutation has only been reported in 2 Norwegian families [35] and 1 Swedish patient with PD [36] . These mutations have a common characteristic: they are located in catalytically active domains. The G2019S and I2020T mutations occur in the kinase domain and 5 other mutations occur in the GTPase domain, indicating that the kinase and GTPase functions of LRRK2 are critical to PD pathophysiology.
Although several LRRK2 mutations have been implicated in PD, there is poor consensus on the specific role of LRRK2 in PD pathogenesis. The cellular functions of LRRK2 suggest that several physiological processes are involved in LRRK2-related PD. In recent years, the roles of neurite outgrowth and cytoskeletal dynamics in LRRK2-related PD have garnered much attention. Several LRRK2 mutations cause a reduction in neurite growth that is rescued by LRRK2 inhibition [37] [38] [39] [40] , suggesting that LRRK2 influences the cytoskeleton. Kett et al. [41] reported that most LRRK2 mutations enhance LRRK2 oligomerization and generate microtubule-associated filamentous structures in cells. Godena et al. [42] found that LRRK2 containing ROC-COR mutations (R1441C and Y1699C) mainly binds to deacetylated microtubules and that deacetylase inhibitors and tubulin acetylase block this association. This effect was not evident with the G2019S mutation or wild-type LRRK2, implying that LRRK2 regulates microtubule stability by acting as a scaffold. LRRK2 can also directly bind to 3 β-tubulin isoforms, TUBB, TUBB4, and TUBB6. This interaction is mediated by the ROC domain and is disrupted by the R1441G mutation [43] . Through this direct binding, LRRK2 may regulate tubulin acetylation and microtubule dynamics.
Besides the neurite outgrowth and cytoskeletal dynamics, LRRK2 is also implicated in intracellular vesicular trafficking. This is feasible given the interaction between LRRK2 and Rab GTPases and the role of Rab GTPases in intracellular vesicular trafficking [44] . The regulator of endocytic vesicular transport Rab5 [45] has been identified as an LRRK2-interacting protein [46] . Both overexpression and knockdown of endogenous LRRK2 in primary neuronal cells impair synaptic vesicle endocytosis but this is rescued by co-expression of functional Rab5b protein. LRRK2 also interacts with Rab7 and phosphorylates a subset of Rab GTPases, including Rab8A, Rab10, Rab12, and Rab7L1. However, the nature of these interactions and specific role of LRRK2 in intracellular vesicular trafficking remain unclear.
As mentioned earlier, LRRK2 is highly expressed in immune cells and exposure to bacterial lipopolysaccharides upregulates LRRK2 protein expression, implying that LRRK2 is involved in neuroinflammation, another important process in PD pathogenesis. Reportedly, stimulation of the toll-like receptor signaling pathway upregulates LRRK2 phosphorylation at Ser910 and Ser935 in macrophages, indicating that toll-like receptor activation is upstream of LRRK2 [47] . Increasing evidence suggests that LRRK2 is involved in the innate immune response but the underlying mechanisms are unknown. The relationships between LRRK2 and other cellular signaling pathways are also of interest. The Wnt/β-catenin signaling pathway plays a significant role in functions of the human nervous system including synaptic differentiation, adult neurogenesis, and the protection of excitatory synaptic terminals from amyloid-β oligomer toxicity. Therefore, the Wnt signaling pathway represents a source of therapeutic targets for the treatment of neurodegenerative diseases such as AD and PD [48] . Evidence suggests that pathogenic LRRK2 mutations influence the Wnt signaling pathways. Sancho et al. [49] reported an interaction between LRRK2 and DVL1-3, a regulator of Wnt signaling, linking LRRK2 to Wnt signaling for the first time. Berwick and Harvey [50] revealed that LRRK2 participates in canonical Wnt signaling as a scaffold, generating a bridge between membrane and cytosolic components. Under basal conditions, this scaffold forms and interacts with Wnt signaling proteins in the cytoplasm. After signal activation, it binds to the Wnt co-receptor low-density lipoprotein receptor-related protein 6 in the membrane, leading to the sequestration of Wnt signaling components. Changes in LRRK2 expression or function affect the activity of this pathway, while the protective mutation R1398H has a stimulatory effect on canonical Wnt signaling [51] . Despite evidence of the relationship between LRRK2 and Wnt signaling, the specific effects of LRRK2 on downstream components remain unclear. Recently, Berwick et al. [52] reported that the primary role of LRRK2 in the canonical Wnt signaling pathway is β-catenin repression: loss of LRRK2 increases Wnt/β-catenin activity, whereas overexpressed LRRK2 binds and represses β-catenin. Another study assessing the effect of LRRK2 on Wnt/planar cell polarity (PCP) signaling indicated that LRRK2 activates this pathway via interactions with multiple Wnt/PCP signaling components [53] . These opposing effects suggest that LRRK2 regulates the balance between the Wnt/β-catenin and Wnt/PCP signaling pathways depending on its binding partner. However, the underlying mechanisms remain unclear and further studies are warranted to explore the interactions between these pathways.
Another LRRK2 mutant, I2020T, was detected in induced pluripotent stem cell-derived neurons from the Sagamihara family and demonstrated to activate the protein kinase B/glycogen synthase kinase 3β (AKT/GSK-3β) signaling pathway, leading to increased Tau phosphorylation [54] .
Thus, LRRK2 is a large, complex cellular protein with various functions in the nervous system and links to several signaling pathways. To date, the exact functions of LRRK2 in neurons remain unclear but elucidation of the biological functions of LRRK2 is essential to assess the possibility of LRRK2 inhibition for PD treatment.
LRRK2 as a Therapeutic Target
The role of LRRK2 in PD pathophysiology means that it is a promising target for PD treatment. Recently, kinase inhibitors, particularly small-molecule kinase inhibitors, have been applied in the treatment of diseases such as cancer. Thus, pharmacological inhibition targeting LRRK2 kinase function is a promising direction for PD treatment.
After confirmation of the kinase activity of LRRK2, screening of 120 kinase inhibitors was conducted. Five nonselective compounds (K252A, JAK3 inhibitor VI, staurosporine, Su-11248, and Ro-31-8220) demonstrated the ability to inhibit LRRK2 kinase activity [55] . However, these compounds have multiple kinase targets, which may result in adverse effects and limit their clinical applications. Thus, selective LRRK2 inhibitors were designed. LRRK2-IN-1, the first potent and selective LRRK2 inhibitor, rapidly suppresses LRRK2 activity through the dephosphorylation of Ser910/Ser935, abolishing 14-3-3 protein binding and the accumulation of LRRK2 in aggregate fibrillar structures [56] . In HEK293 cells containing wild-type LRRK2, LRRK2-IN-1 inhibits LRRK2 Ser910/Ser935 phosphorylation at doses of between 1 and 3 μM. LRRK2-IN-1 exerted similar effects on endogenous LRRK2 in human lymphoblastoid cells from patients with PD homozygous for the LRRK2 G2019S mutation, human-derived neuroblastoma SHSY5Y cells, and mouse Swiss 3T3 cells. However, in a subsequent in-vivo study, intraperitoneal injection of LRRK2-IN-1 in wildtype mice mildly inhibited LRRK2 Ser910/Ser935 phosphorylation in the brain but markedly downregulated it in the kidney, where complete inhibition of the serine biomarkers was observed at 1 and 2 h [56] . PD is a degenerative disease of the central nervous system and drugs targeting LRRK2 must be able to cross the blood-brain barrier (BBB) to act. Thus, the BBB is a significant barrier to drug treatment. Although LRRK2-IN-1 has a significant and highly selective effect on LRRK2 activity, its inability to permeate the BBB limits its application in vivo. Furthermore, LRRK2-IN-1 has significant off-target effects, which also impedes its application [57] . Although application of LRRK2-IN-1 for the treatment of PD is limited, it remains an effective pharmacological tool for in-vitro research. CZC-54252 and CZC-25146 [58] are DOI: 10.1159/000488938 also selective LRRK2 inhibitors that cannot cross the BBB, which limits their application. Thus, BBB penetrability is an important consideration when designing small-molecule inhibitors of LRRK2 for PD treatment.
HG-10-102-01 is the first selective LRRK2 inhibitor capable of inhibiting Ser910/Ser935 phosphorylation in the mouse brain following intraperitoneal delivery of doses as low as 50 mg/kg [59] . Its ability to inhibit LRRK2 in vivo reveals that it can cross the BBB. Since its description in 2012, several novel, selective, and brain-penetrating LRRK2 inhibitors have been described, including GSK2578215A [60] , GNE-7915 [61] , JH-II-127 [62] , PF-06447475 [63] , and MLi-2 (Table 1 for further details) [64] . These next-generation LRRK2 inhibitors exhibit improved potency, selectivity, and brain penetrability, all of which are important for clinical application. Some were also shown to exert neuroprotective effects in vitro and in vivo. GSK2578215A induces protective autophagy in the SH-SY5Y DA cell-culture model [65] . Another LRRK2 inhibitor, PF-06447475, exerted neuroprotective effects on human nerve-like differentiated cells under oxidative stress. Rotenone (ROT) introduction into nervelike differentiated cells generates in-vitro models of PD, resulting in LRRK2 phosphorylation at Ser935, nuclear condensation, increased nuclear factor κ-light-chainenhancer of activated B (NF-κB) expression, and activated caspase-3. Subsequent exposure to PF-06447475 blocks LRRK2 phosphorylation at Ser935 and reverses the apoptotic signaling activated by ROT [66] . In 2 preclinical mouse models of LRRK2 (bacterial artificial chromosome transgenic hG2019S and hR1441G), GNE-7915 was reported to enhance DA release and synaptic vesicle recycling [67] . These findings suggest that LRRK2 inhibition via small-molecule inhibitors is a promising therapeutic approach to PD.
More recently, the biopharmaceutical company Denali Therapeutics (San Francisco, CA, USA) announced that its novel LRRK2 inhibitor, DNL201, has been tested in a healthy volunteer phase-I study. In this study, LRRK2 inhibition was measured by blood-based assays of LRRK2 phosphorylation at Ser935 and phosphorylation of the LRRK2 substrate Rab10, both of which reflect LRRK2 kinase activity. DNL201 achieved more than 90% inhibition of LRRK2 kinase activity at peak and more than 50% inhibition at trough drug levels. Moreover, BBB penetration of DNL201 was confirmed by the measurement of DNL201 in cerebrospinal fluid. These results indicate that DNL201 is a promising LRRK2 inhibitor and further studies on the effects of DNL201 in patients with LRRK2-related PD are planned.
Given the important role of α-synuclein in PD pathology, the relationship between LRRK2 mutations and α-synuclein has also attracted much attention. Studies have indicated that LRRK2 mutations, especially G2019S, can induce α-synuclein-related neurotoxicity. G2019S-LRRK2 expression in cultured and DA neurons from the rat SNpc increases the recruitment of endogenous α-synuclein into inclusions in response to α-synuclein fibril exposure [68] . Subsequent exposure to 2 LRRK2 inhibitors, MLi-2 and PF-06447475, blocks these effects. The relationship between LRRK2 and α-synuclein has also been examined in vivo. The West group built a double transgenic rat model by injecting adeno-associated viral vectors expressing α-synuclein into the SNpc of wild-type and G2019S-LRRK2 transgenic rats. G2019S-LRRK2 transgenic rats exhibit exacerbated inflammation and DA neurodegeneration caused by overexpression of α-synuclein. Administration of PF-06447475 ameliorates these effects and has neuroprotective effects in wild-type rats [69] . In G2019S-LRRK2 knock-in mice, Ser129-phosphorylated α-synuclein overload at DA terminals occurs in an age-dependent manner, along with the progressive dysfunction of dopamine transporters [70] . These results reveal the significance of α-synuclein in LRRK2-related PD and the neuroprotective effects of pharmacological LRRK2 inhibition. However, the detailed relationship between α-synuclein and LRRK2 in PD pathology remains unclear. Recently, abnormal α-synuclein expression in peripheral nerves, for example in the enteric nervous system and skin, was described in patients with sporadic PD. In 3 patients with LRRK2-G2019S-related PD, the α-synuclein-positive structures observed in the submucosal plexus were similar to those observed in patients with sporadic PD [71] . In this study, peripheral α-synuclein expression did not differ between LRRK2-G2019S-related and sporadic PD, although the small number of participants may have influenced the results. Studies involving larger numbers of participants and examining more peripheral sites of α-synuclein expression in patients with LRRK2-related PD are warranted to reveal the relationship between peripheral α-synuclein expression and LRRK2 mutation.
However, the development and improvement of LRRK2 inhibitors faces several challenges. First, it is difficult to test the efficacy of LRRK2 inhibitors because of a lack of appropriate preclinical models. In recent years, neurotoxins have been used to generate animal models of PD by destroying lesion-specific neurons. Although these animal models show DA neuronal loss, they fail to exhibit progressive neurodegeneration or characteristics of PD such as Lewy bodies. Considering the role of LRRK2 in PD pathophysiology, overexpression of pathogenic LRRK2 mutations using recombinant viral vectors represents a promising approach to the creation of animal models. Adenovirus-mediated expression of the G2019S LRRK2 mutation in the nigrostriatal system of adult rats induces the accumulation of neuronal ubiquitin-positive inclusions and causes progressive degeneration of nigral DA neurons compared with wild-type rats [72, 73] . Similarly, symptoms of motor impairment, such as muscle weakness and dystonia, are evident in LRRK2 transgenic mice [74] . However, LRRK2 mutant animal models do not exhibit all the hallmarks of PD, such as Lewy bodies or DA neuron loss [75] . Moreover, the introduction of viral vectors has been proven to induce inflammatory responses and toxicity [73] . No comprehensive preclinical model completely simulates the internal environment of LRRK2-related PD; therefore, it is difficult to test the efficacy of LRRK2 inhibitors in vivo. Safety is an essential characteristic of a clinical drug. However, LRRK2 is widely expressed in human tissues.
The loss of LRRK2 could lead to a pathological phenotype in kidney and lung tissues [76] . Administration of an LRRK2 kinase inhibitor causes a marked reduction in LRRK2 protein levels in rodents [28] , implying that LRRK2 kinase inhibitors may have severe adverse effects on normal tissues. Recently, toxicology studies [77] revealed that 2 LRRK2 kinase inhibitors, GNE-7915 and GNE-0877, induce abnormal cytoplasmic accumulation of secretory lysosome-related organelles in the lungs of nonhuman primates, although no lysosomal abnormalities arise in the kidney. This suggests that pulmonary toxicity may be a critical safety concern of LRRK2 inhibitors. To date, the safety of LRRK2 inhibitors has not been clearly proven. Therefore, toxicology assessments in different animal models, especially complex mammalian models, are necessary.
Even if LRRK2 inhibitors prove effective and safe, the point at which LRRK2 inhibition should be initiated is yet to be determined. It is uncertain whether LRRK2 inhibition can stop or reverse the loss of DA neurons in the midbrain. Moreover, it is unclear whether LRRK2 inhib-
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Chemical structure IC 50 itors can delay or stop the onset of PD in asymptomatic carriers. Thus, considering the complex disease course of PD, when and how to apply LRRK2 inhibitors merits extensive research.
Conclusions
LRRK2, a large and complex protein, plays a significant role in the pathophysiology of PD, and mutations in the GTPase and kinase domains of LRRK2 contribute to disease progression. The GTPase and kinase domains of LRRK2 undergo complex regulatory interactions and LRRK2 can interact with several key signaling pathways within the cell. Although the results discussed in this review improve our understanding of the functions and roles of LRRK2 in PD, the underlying mechanisms remain unclear and warrant further research. Considering the contribution of LRRK2 to PD pathophysiology, it represents one of the most promising therapeutic targets for PD treatment. Several generations of LRRK2 inhibitors have been developed, which have progressively improved in potency, selectivity, and brain penetrability. Thus, LRRK2 inhibitors may be used in clinical practice for PD treatment in future. However, their efficacy and safety remains a concern and must be addressed before their application. Further research is necessary to elucidate the functions of LRRK2 and expand its applications in PD treatment.
